Fibrosis and inflammation are closely intertwined injury pathways present in nearly all forms of CKD for which few safe and effective therapies exist. Slit glycoproteins signaling through Roundabout (Robo) receptors have been described to have antiinflammatory effects through regulation of leukocyte cytoskeletal organization. Notably, cytoskeletal reorganization is also required for fibroblast responses to TGF-b. Here, we examined whether Slit2 also controls TGF-b-induced renal fibrosis. In cultured renal fibroblasts, which we found to express Slit2 and Robo-1, the bioactive N-terminal fragment of Slit2 inhibited TGF-b-induced collagen synthesis, actin cytoskeletal reorganization, and Smad2/3 transcriptional activity, but the inactive C-terminal fragment of Slit2 did not. In mouse models of postischemic renal fibrosis and obstructive uropathy, treatment with N-terminal Slit2 before or after injury inhibited the development of renal fibrosis and preserved renal function, whereas the C-terminal Slit2 had no effect. Our data suggest that administration of recombinant Slit2 may be a new treatment strategy to arrest chronic injury progression after ischemic and obstructive renal insults by not only attenuating inflammation but also, directly inhibiting renal fibrosis.
In the kidney, fibrosis represents the final common pathway of injury present in nearly all types of CKD. Not surprisingly, fibrosis is a major cause of both CKD and ESRD. 1 The global prevalence of CKD and ESRD has risen alarmingly, with roughly one in ten Americans diagnosed with CKD 2 and .$40 billion spent annually on ESRD care in the United States alone. 3 Although BP control and renin-angiotensin system blockade reduce progressive renal injury, their effects are incomplete, in part because they do not effectively halt progression of renal fibrosis. 4 New therapies are clearly needed.
TGF-b is a critical stimulus for fibrogenesis, activating a number of cell types, including kidney fibroblasts, to secrete collagen and other extracellular matrix proteins. 5, 6 Binding of TGF-b to its receptor complex results in TGF-b receptor-mediated phosphorylation of C-terminal serine residues of intracellular Smad2 and Smad3 proteins. 7 This phosphorylation requires an intact actin cytoskeleton, because either pharmacologic or genetic disruption of the cytoskeleton blocks TGF-b-induced Smad2/3 phosphorylation. 8 Phosphorylated Smad2 and Smad3 then associate with Smad4 and are subsequently imported into the nucleus, where they drive the expression of collagen and other extracellular matrix genes. 7 Slit2 is member of the Slit family of secreted glycoproteins that were initially described as axonal repellents in the developing central nervous system. 9 Binding of Slit2 to its Roundabout-1 receptor (Robo-1) recruits and activates a number of Slit-Robo guanosine 59-triphophataseactivating proteins (srGAPs), which in turn, modulate the activity of Rho family GTPases, such as RhoA, Rac, and Cdc42, leading to cytoskeletal rearrangements that control cell shape and migration. 10 We and others have shown more recently that Slit2 is not just important in development but also, that it is active in the mature organism. 11, 12 In particular, a variety of leukocytes express Robo-1. [11] [12] [13] [14] By inhibiting actin polymerization and cell polarization, Slit2-Robo-1 signaling inhibits chemotaxis, adhesion, and transendothelial leukocyte migration. [11] [12] [13] [14] In addition to its role in regulating leukocyte motility, the actin cytoskeleton also regulates fibroblast behavior and in particular, responses to TGF-b. To date, no studies have examined the ability of Slit2 to regulate profibrotic TGF-b signaling. Here, we report that Slit2 inhibits actin stress fiber formation and TGF-b-induced Smad signaling, a key profibrotic pathway that drives collagen production in kidney fibroblasts. We further show that Slit2 reduces kidney fibrosis and preserves renal function in mouse models of postischemic renal fibrosis and obstructive uropathy, illustrating the potential therapeutic benefits of a Slit2-based antifibrotic treatment strategy.
To first establish that renal fibroblasts are capable of responding to Slit2, we examined their expression of Slit2 and its Robo receptors. Using RT-PCR and immunoblotting, we showed that NRK49F renal fibroblasts express Slit2, Robo-1, and Robo-2 but not Robo-3 or Robo-4 mRNA ( Figure 1A , Supplemental Figure  1 ). Because Robo-1 is the most well characterized of the Slit2 receptors, we next tested for Robo-1 at the protein level, showing its presence in whole-cell lysates via immunoblotting ( Figure 1B ). Robo-1 was detected predominantly in the plasma membrane, suggesting that fibroblasts express a pool of Robo-1 receptors that are available to bind Slit2 and transduce intracellular signals ( Figure 1C ). Using dual immunofluorescence staining, we next confirmed our findings in vivo, showing that Robo-1 is expressed in interstitial a-smooth muscle actin + (a-SMA + ) fibroblasts in the kidney after ureteral obstruction, a model of progressive renal fibrosis ( Figure 1D ).
We next examined the effects of Slit2 treatment on TGF-b-induced fibroblast Because an intact and responsive actin cytoskeleton is required for TGFb-induced collagen production by fibroblasts, 8 we next examined the effects of Slit2 on TGF-b-induced actin cytoskeletal rearrangements. N-Slit2 significantly blocked TGF-b-induced actin stress fiber formation in renal fibroblasts ( Figure 2C ). Given the importance of the Smad2/3 signaling pathway in regulating fibroblast responses to TGF-b and the dependence of this pathway on intact actin cytoskeletal responses, we next examined the effects of N-Slit2 on Smad2 phosphorylation and resulting Smad2/3-driven transcriptional activity. Although TGF-b stimulated robust Smad2 phosphorylation in NRK49F cells, which are known to express the TGF-b receptor complex (Supplemental Figure 3) , 16 bioactive N-Slit2 inhibited this Smad2 phosphorylation ( Figure  2D ), leading to reduced downstream Smad2/3-driven transcription ( Figure  2E ). An inactive C-terminal fragment of Slit2 (C-Slit2) failed to inhibit TGFb-induced Smad2/3 transcriptional activity ( Figure 2E ). Furthermore, N-Slit2 treatment of HT29 epithelial cells, which do not express Robo-1, 17 did not inhibit Smad2 phosphorylation induced by TGF-b (Supplemental Figure 4) . Taken together, these data suggest that Slit2-Robo-1 signaling inhibits collagen production by fibroblasts through inhibition of the TGF-b Smad2/3 pathway.
To directly test whether Slit2 can attenuate the development of renal fibrosis in vivo, we subjected mice to unilateral ureteral obstruction (UUO), a well established model of progressive renal fibrosis. Mice undergoing UUO surgery were randomized to treatment with control vehicle, active N-Slit2, or inactive C-Slit2, with the first injections beginning immediately before surgery. After 7 days of therapy, despite the presence of tubular damage and inflammation (Supplemental Figure 5) , the obstructed kidneys of animals treated with N-Slit2 showed significantly reduced collagen deposition and fewer interstitial cells expressing a-SMA, a marker of activated myofibroblasts, compared with kidneys from both vehicleand C-Slit2-treated animals (collagen in Figure 3 , A and C and a-SMA in Figure 3 , B and D). Likewise, N-Slit2 treatment significantly reduced mRNA levels of COL3A1 [encoding the a(1)-chain of type 3 collagen] and ACTA2 (encoding a-SMA) compared with treatment with either vehicle or C-Slit2 Figure 3G ). These data suggest that bioactive Slit2 can attenuate TGF-b-driven renal fibrosis induced by obstructive uropathy. Although UUO is a well established model of progressive renal fibrosis, the function of the obstructed kidney cannot be easily measured. To examine whether the antifibrotic activity of Slit2 leads to preservation of renal function, we next studied the effects of N-Slit2 on development of fibrosis induced by ischemiareperfusion injury (IRI), a mouse model of fibrosis that mimics a common form of progressive renal injury in human patients. As was observed in UUO, treatment with N-Slit2 beginning immediately before surgery but not with vehicle or C-Slit2 reduced the deposition of interstitial collagen (Figure 4 , A and C) and the number of a-SMA + myofibroblasts ( Figure 4 , B and D), despite evidence of significant IRI (Supplemental Figure 6) . Similarly, N-Slit2 treatment significantly reduced the IRI-induced increase in renal PAI1 mRNA levels, suggesting that N-Slit2 treatment attenuates profibrotic TGFb/Smad signaling in the injured, ischemic kidney (Supplemental Figure 7) .
To assess the effects of Slit2 on kidney function, before study end, all mice underwent nephrectomy of the uninjured right kidney. Twenty-four hours later, blood was collected immediately before euthanasia for measurement of plasma urea and creatinine to assess the function of the injured left kidney. Administration of N-Slit2 led to significant reductions in plasma levels of urea ( Figure 4E ) and creatinine ( Figure 4F) . Collectively, these results show that N-Slit2 not only slows the progression of renal fibrosis after ischemic injury but also, improves renal function.
In the above experiments, we initiated Slit2 treatment immediately before either ischemic or obstructive injury. In some clinical settings, such as kidney transplantation, the timing of the insult is known, and thus, a similar preventive regimen could potentially be initiated. In most patients, however, kidney injury is recognized after the causative insult, and treatment is initiated only at this point. We previously showed that N-Slit2 Figure 3 . Slit2 attenuates renal fibrosis after UUO. Mice were subjected to UUO, and control vehicle (n=18), N-Slit2 (n=12), or C-Slit2 (n=12) was administered as described in Supplemental Material. Sham-operated mice (n=12) served as controls. After 7 days, mice were euthanized, and kidney sections were labeled with (A) picrosirius red (PSR) to detect fibrillar collagen or (B) antibody directed to a-SMA. Representative images were taken with 316 objective. Scale bar, 50 mm. (C) Experiments were performed as in A, and PSR labeling was digitally quantified. (D) Experiments were performed as in B, and a-SMA labeling was digitally quantified. (E-G) RNA was isolated from snap-frozen kidney homogenates and after reverse transcription, subjected to quantitative PCR analysis of the profibrotic Smad-inducible genes (E) COL3A1, (F) ACTA2, and (G) PAI1. Means6SEMs. One-way ANOVA with post hoc Fisher least significant difference was performed. AU, arbitrary unit; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. *P,0.05 versus sham controls; treatment attenuates acute neutrophil infiltration and inflammatory injury in the immediate 24 hours post-renal IRI. 11 Because inflammation is an important driver of fibrosis, we next tested whether delayed N-Slit2 administration beginning 72 hours post-IRI would still have renoprotective and antifibrotic effects. At this more clinically relevant time point, the IRI-induced inflammatory response has peaked and is starting to decline, 19, 20 whereas fibrogenesis is only beginning. 21 Consistent with the antifibrotic effect that we had observed in vitro, delayed administration of N-Slit2 but not C-Slit2 or vehicle reduced renal collagen deposition (Supplemental Figures 8, A and C and 9A ) and a-SMA + fibroblast accumulation (Supplemental Figure 8, B and D) , despite evidence of significant IRI in the kidney (Supplemental Figure 9B) . Importantly, these histomorphometric improvements were associated with an attenuated rise in plasma creatinine, suggesting that delayed N-Slit2 treatment also protects against IRIinduced renal dysfunction (Supplemental Figure 8E ).
Our data show that exogenously administered recombinant Slit2 possesses antifibrotic activity in vitro and in vivo in the kidney after different initial insults. These effects are achieved, at least in part, through the inhibition of TGFb-induced Smad2/3 signaling in renal fibroblasts.
Although myofibroblasts are known to give rise to interstitial fibrotic tissue in the kidney, significant controversy remains as to the predominant precursor cells from which these myofibroblasts originate. 6, 22 In this study, we examined the effects of exogenously administered recombinant Slit2 on kidney fibroblasts, because they are a major source of active myofibroblasts in the injured, fibrosing kidney. 22 Although we have shown that Slit2 inhibits the TGF-b-induced renal fibroblast-myofibroblast transition, Slit2 may also inhibit the activation of other precursor cell types. For example, a recent study showed that, in the lung, Slit2 prevents recruitment and activation of monocyte-derived fibrocytes, a population of bone marrow-derived cells that can differentiate into active myofibroblasts. 23 Slit2 also prevents chemotactic migration of vascular pericytes, which are other important myofibroblast precursors. 24 Given these reports, future Figure 4 . Slit2 reduces fibrosis and kidney dysfunction late after IRI. Mice were subjected to renal IRI, and control vehicle (n=17), N-Slit2 (n=17), or C-Slit2 (n=7) was administered as described in Supplemental Material. Sham-operated mice (n=6) served as controls. After 14 days, mice were euthanized, and kidney sections were labeled with (A) picrosirius red (PSR) to detect fibrillar collagen or (B) antibody directed to a-SMA. Representative images were taken with 316 objective. Scale bar, 50 mm. (C) Experiments were performed as in A, and PSR labeling was digitally quantified. (D) Experiments were performed as in B, and a-SMA labeling was digitally quantified. (E and F) One day before euthanasia, all animals underwent nephrectomy to remove the uninjured right kidney. The next day, blood was collected for measurement of (E) plasma urea and (F) plasma creatinine levels. Means6SEM. One-way ANOVA with post hoc Fisher least significant difference was performed. AU, arbitrary unit. *P,0.05 versus sham controls; work will be needed to examine the direct effects of Slit2 on the activation and differentiation of pericytes and bone marrow-derived fibrocytes into activated myofibroblasts in the injured kidney.
After binding its Robo receptors, Slit2 can regulate the activity of Rho family GTPases by activating srGAP proteins. Interestingly, RhoA, a member of the Rho family, is rapidly activated by TGF-b, leading to rearrangement of actin monomers into stress fibers, a phenomenon that is required for TGF-b-induced Smad activation and collagen transcription. 8 In our study, we observed that renal fibroblasts express both Robo-1 and Robo-2 mRNA, with significant amounts of Robo-1 protein found in the plasma membrane, suggesting the ability of these fibroblasts to respond to Slit2. We further showed that recombinant Slit2 inhibited TGF-b-induced actin stress fiber formation. Although our results suggest that Slit2 operates via Robo/srGAP-induced inhibition of RhoA, detailed studies are needed to decipher the precise mechanisms underlying the antifibrotic activity of Slit2, including the relative contributions of Robo-1 and Robo-2 to this process.
Despite advances in our understanding of the molecular mechanisms underlying renal fibrosis, no new clinical therapies have been developed over the last four decades. Our findings have exciting translational implications. In particular, a major barrier limiting the pursuit of TGF-b neutralizing agents as antifibrotic therapies has been their propensity to exacerbate renal inflammation. 25 Moreover, inflammatory leukocytes in the injured kidney secrete cytokines and growth factors that accelerate fibrogenesis. 26 We and others have previously shown that Slit2 has potent anti-inflammatory effects, diminishing inflammatory cell recruitment by blocking chemoattractant-induced migration, adhesion, and transendothelial leukocyte migration. [11] [12] [13] [14] We further showed that Slit2 dramatically reduces inflammation and improves renal function acutely after renal IRI. 11 Combining its known anti-inflammatory effects with this novel antifibrotic activity, our data suggest the intriguing possibility that exogenously administered Slit2 may be a promising agent to attenuate chronic injury progression after both ischemic and obstructive renal insults.
CONCISE METHODS
Detailed methods can be found in Supplemental Material.
Slit2 and Robo-N Purification
A bioactive N-Slit2 and the soluble Slit2 decoy receptor Robo-N were generated as previously described. 11, 13, 27 A bioinactive C-Slit2 encoding the T1268-S1525 residues of Slit2 was similarly produced.
Detection of Robo-1
In NRK49F fibroblasts, expression of Slit2, Robo-1, Robo-2, Robo-3, and Robo-4 mRNA was analyzed by RT-PCR. Robo-1 protein was detected in vitro and in vivo by immunoblotting, and immunofluorescence labeling as per published protocols. 11, 13, 27 In Vitro Slit2 Studies NRK49F fibroblasts were incubated with N-Slit2 or C-Slit2 followed by TGF-b. TGFb-induced [ 3 H]-proline incorporation (a measure of collagen production), actin stress fiber formation, Smad2 phosphorylation, and Smad-dependent transcription were then analyzed. In some experiments, N-Slit2 was preincubated with molar equivalent amounts of Robo-N.
In Vivo Studies
Male C57BL/6 mice underwent left-sided UUO, left-sided unilateral IRI, or sham surgery. Mice undergoing UUO or IRI surgery were randomized to receive injections of normal saline vehicle, N-Slit2, or C-Slit2. Treatment of IRI mice began either before surgery or 72 hours after surgery and continued until study end. Treatment of UUO mice began before surgery and continued until study end. Thirteen days after inducing IRI, mice underwent nephrectomy of the uninjured right kidney. The next day, blood was collected, and plasma urea and creatinine were measured 19 ; 7 days after UUO surgery and 14 days after IRI surgery, mice were euthanized, and the left kidneys were resected.
Tissue Collection, Preparation, Histology, and Quantitative PCR Studies
Formalin-fixed kidneys were sectioned and incubated with picrosirius red, hematoxylin and eosin, periodic acid-Schiff, Masson Trichrome, or an antibody directed to a-SMA and digitally analyzed. [28] [29] [30] Frozen kidney sections were stained with antibodies directed to a-SMA and Robo-1. RNA was isolated from snap-frozen kidney tissue, and mRNA levels of COL3A1, ACTA2, and/or PAI1 were analyzed by quantitative PCR.
Statistical Analyses
P values were obtained using one-way ANOVA with post hoc Fisher least significant difference analysis as appropriate. P,0.05 was deemed significant.
Study Approval
All animal experiments were approved by The Hospital for Sick Children Animal Care and Use Committee and adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 
ACKNOWLEDGMENTS

